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Abstract. The current (March 2008 to February 2009) summit eruptive
activity at Kilauea Volcano is characterized by explosive degassing bursts
accompanied by very-long-period (VLP) seismic signals. We model the source
mechanisms of VLP signals in the 10 − 50 s band using data recorded for
fifteen bursts with a 10-station broadband network deployed in the summit
caldera. To determine the source-centroid location and source mechanism,
we minimize the residual error between data and synthetics calculated by
the finite-difference method for a point source embedded in a homogeneous
medium that takes topography into account. The VLP signals associated with
the bursts originate in a source region ∼1 km below the eastern perimeter
of Halemaumau pit crater. The observed waveforms are well explained by
the combination of a volumetric component and a vertical single force com-
ponent. For the volumetric component, several source geometries are obtained
which equally explain the observed waveforms. These geometries include (1)
a pipe dipping 64◦ to the northeast; (2) two intersecting cracks including an
east-striking crack (dike) dipping 80◦ to the north, intersecting a north-striking
crack (another dike) dipping 65◦ to the east; (3) a pipe dipping 58◦ to the
northeast, intersecting a crack dipping 48◦ to the west-southwest; and (4)
a pipe dipping 57◦ to the northeast, intersecting a pipe dipping 58◦ to the
west-southwest. Using the dual-crack model as reference, the largest volume
change obtained among the fifteen bursts is ∼24,400 m3, and the maximum
amplitude (peak to peak) of the force is ∼20 GN. Each burst is marked by
a similar sequence of deflation and inflation, trailed by decaying oscillations
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of the volumetric source. The vertical force is initially upward, synchronous
with source deflation, then downward, synchronous with source re-inflation,
followed by oscillations with polarity opposite to the volumetric oscillations.
This combination of force and volume change is attributed to pressure and
momentum changes induced during a fluid-dynamic source mechanism in-
volving the ascent, expansion and burst of a large slug of gas within the up-
per ∼150 m of the magma conduit. As the slug expands upon approach to
the surface and more liquid becomes wall-supported by viscous shear forces,
the pressure below the slug decreases, inducing conduit deflation and an up-
ward force on the Earth. The final rapid slug expansion and burst stimulate
VLP and LP oscillations of the conduit system, which slowly decay due to
viscous dissipation and elastic radiation. Consideration of the fluid-dynamic
arguments leads us to prefer the dual-crack VLP source model as it is the
only candidate model capable of producing plausible values of length scales
and pressure changes. The magnitudes of the vertical forces observed in the
fifteen bursts appear consistent with slug masses of 104 − 106 kg.
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1. Introduction
On 19 March 2008, after a lapse of 25 years, eruptive activity returned to Kilauea
Caldera with the opening of a new vent in Halemaumau crater (Figure 1). Activity at
this vent has since been marked by sustained degassing, punctuated by episodic bursts of
gas and ash laden with small ejecta. The renewal of activity at Kilauea’s summit is the
first since 1982 and represents another example of the occasional occurrence of concurrent
eruptive activity within the summit caldera as well as along a rift zone. To date, the
current summit activity has not noticeably affected the Pu‘u O¯‘o¯-Kupaianaha eruption,
which began in 1983 and continues unabated [Heliker et al., 2003].
The basic features of the dynamic model of Kilauea proposed in 1960 by Eaton and
Murata [1960] are still valid today. Studies of several post-1960 long-lasting eruptions
using advanced geophysical techniques — mainly seismic and geodetic measurements
— have contributed new insights into how this volcano works, including the consider-
ation of the concept of neutral buoyancy [Decker , 1987; Tilling and Dvorak , 1993; Ryan,
1987a, b, 1988]. The magmatic system of Kilauea features a mantle source, a vertical
pathway by which magma rises through the lithosphere to Kilauea, a shallow sub-caldera
reservoir, and horizontal pathways to two rift zones extending to the east and southwest,
respectively. The vertical pathway for magma extends in depth from roughly 40 to 7 km
[Klein et al., 1987], and the rift zones extend over the 2-10 km depth interval. Importantly,
the rift zones are not structurally monolithic, but are inferred to encompass two levels
of magma transport representing two distinct horizons of “neutral buoyancy” where the
melt density locally equals that of the surrounding solid rocks [Ryan, 1988]. The molten
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core of the lower level of transport, between 10 and 4 km, extends laterally over 45 km
through the East Rift Zone, through the root of the sub-caldera reservoir, and into the
upper Southwest Rift Zone [Ryan, 1988]. This deep zone is inferred to consist of pockets
of magmatic cumulates, where neutral buoyancy is achieved with a mush of picritic melt +
olivine crystals with average density ∼ 2950 kg/m3 [Ryan, 1988]. Buildup of excess pres-
sure within this picritic mush drives the deep south flank of Kilauea southward, triggering
occasional large earthquakes as in 1868 and 1975.
The higher levels in the volcanic shield, in the 2-4 km depth interval, contain the
sub-caldera magma reservoir [Fiske and Kinoshita, 1969] and shallow rift zones. The
average density of summit differentiated olivine tholeiite within the shallow rift zones is
∼ 2620 kg/m3, equivalent to the local density of the surrounding rocks [Ryan, 1988]. The
lateral migration of tholeiitic magma from the sub-caldera reservoir (as during, for exam-
ple, the current Pu‘u O¯‘o¯-Kupaianaha activity) occurs preferentially along this shallow
horizon of neutral buoyancy [Ryan, 1987b]. Unlike the more amorphous deeper magma
transport zone, the geometry of the shallow transport zone is inferred to take the form
of sheeted dike complexes. Magma ascent within and beneath Halemaumau related to
the current unrest is rendered positively buoyant by virtue of its high bubble content, in
contradistinction with the largely degassed magma batches injected laterally along the
core of the shallow (2-4 km) East Rift Zone.
The turning-point region beneath Kilauea Caldera, where magma movement switches
from vertical to lateral flow, exhibits a variety of geophysical phenomena that reflect the
occurrences of complex dynamic processes. Recent geodetic data suggest the presence
of two deformation centroids, each with its own characteristic time scale [Cervelli and
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Miklius , 2003]. Long-term summit deflation is broadly consistent with a slowly shrinking
reservoir centered at depth near 3.5 km under the southern edge of the caldera. Superim-
posed on the deflationary trend associated with this reservoir is a gradual southeastward
migration of Kilauea’s south flank induced by rifting activity. Shorter-term episodes of
deflation-inflation-deflation (DID) with durations of 2-3 days reflect volume changes in a
shallower source located ∼ 0.5 km under the eastern perimeter of Halemaumau [Cervelli
and Miklius , 2003]. Initial deflation of the summit during a DID episode commonly ac-
companies a brief pause in the flow of magma at Pu‘u O¯‘o¯-Kupaianaha. This deflation,
typically lasting 8-20 hours, is followed by rapid re-inflation of the summit during the
resumption of flow, and subsequent slower deflation back to an original state preceding
the pause [Cervelli and Miklius , 2003; Poland et al., 2008].
The seismic energy release from the shallow region under the eastern edge of Halemau-
mau also has distinct characteristics: first as a source region of long-period (LP) seismicity
[Almendros et al., 2001; Saccorotti et al., 2001; Almendros et al., 2002b; Battaglia et al.,
2003; Kumagai et al., 2005]; and second as a recurring locus of very-long-period (VLP)
signals [Chouet and Dawson, 1997; Ohminato et al., 1998; Almendros et al., 2002a; Daw-
son et al., 2004]. LP seismicity related to an active hydrothermal system was located in
this region by Almendros et al. [2001]. Located within the top 500 m below the caldera
floor, and extending ∼0.6 km and ∼1 km in the east-west and north-south directions,
respectively, this hydrothermal reservoir broadly overlaps the east wall of Halemaumau.
Further evidence for hydrothermal activity under the eastern perimeter of Halemaumau
was obtained from studies of persistent low-amplitude tremor recorded under the Kilauea
summit [Almendros et al., 2002b]. Detailed analyses of a LP event originating in this zone
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by Kumagai et al. [2005] demonstrate a source mechanism involving the resonance of a
horizontal crack at depth of ∼ 150 m near the northeastern rim of Halemaumau. The ob-
served frequencies and attenuation characteristics of crack resonance are consistent with
a crack filled with either bubbly water or steam [Kumagai et al., 2005]. Using seismic
amplitudes and precise relative source relocation, Battaglia et al. [2003] identified two
zones of LP seismicity; one of these zones coincides with the Halemaumau source volume
imaged by Almendros et al. [2001, 2002b], while the other is located roughly 5 km below
sea level under the eastern edge of the summit caldera.
VLP signals originating under the caldera [Chouet and Dawson, 1997; Ohminato et al.,
1998; Almendros et al., 2002a; Dawson et al., 2004] clearly point to the repeated activa-
tion of a compact source zone near sea level under the eastern edge of Halemaumau. The
VLP source region is positioned immediately beneath the hydrothermal reservoir imaged
by Almendros et al. [2001]. From waveform inversion of VLP signals associated with a
magmatic surge at Kilauea on 1 February 1996, Ohminato et al. [1998] inferred a source
process involving a repeated cycle of deformation of a sub-horizontal crack. The deforma-
tion pattern has a characteristic sawtooth shape, where each sawtooth represents a slow
dilation of the crack, followed by a rapid collapse of the crack. Ohminato et al. [1998] at-
tributed these features to the choking of a separated gas-liquid flow through a crack with
a narrow constricted outlet. VLP signals originating at the same location were again ob-
served during summit deflation-inflation episodes in February 1997. These signals are well
explained by a transport mechanism operating on a crack linking the region subjacent to
Halemaumau to the east rift [Chouet and Dawson, 1997], although the inferred crack ori-
entation is distinct from that imaged by Ohminato et al. [1998]. Collectively, these results
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suggest a complex conduit geometry in the form of a plexus of cracks whose respective
activations are time-dependent. Further confirmation for recurrent excitations of a tem-
porally stable plexus of cracks by unsteady fluid flow has since been obtained through
semblance analyses of VLP signals recorded in this area in 1999 [Almendros et al., 2002a]
and 2004 [Dawson et al., 2004].
VLP signals have also been observed to occur in other regions below the summit caldera.
Almendros et al. [2002a] identified VLP signals originating from a region at depth of
∼ 8 km below the northwest sector of the caldera. They interpreted this source region as
a distinct active segment of the shallow magma plumbing system. Similarly, Dawson et al.
[2004] noticed a few VLP signals originating from a shallow source near the northeastern
perimeter of the caldera. Due to poor receiver coverage in this area, however, the actual
location of this source remained poorly constrained.
Other indirect evidence for the presence of reservoirs under Kilauea Caldera comes from
seismic tomography studies. Through inversion of P- and S-wave arrival times recorded by
a dense network of seismic stations, Dawson et al. [1999] derived models of the seismic-
velocity structure under the Kilauea summit region with spatial resolution of 0.5 km.
Their models show a low P−wave velocity anomaly centered on the southeastern sector
of the caldera at depths of 1 to 4 km. Dawson et al. [1999] also identified two zones with
high VP/VS ratios at similar depths below the southern caldera rim and upper east rift.
They attributed the latter anomalies to the presence of either highly fractured materials
and/or a significant fraction of partial melt. A compact magma reservoir is not required
to satisfy the velocity constraints and is also inconsistent with the occurrences of volcano
tectonic (VT) earthquakes throughout these zones. Rather, Dawson et al. [1999] viewed
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these regions as volumes of hot rock permeated by sills and dikes, whose orientations are
likely controlled by the dominantly flat volcanic and primarily vertical tectonic structures
observed at Kilauea. The anomalous zone centered at a depth of 3 km under the southern
caldera floor coincides with the summit magma reservoir inferred from long-term defor-
mation at Kilauea [Cervelli and Miklius , 2003], while the southeastern region underlies
the Puhimau area (Figure 1), known to be a region of high heat flow. The latter re-
gion is near the source of LP seismicity originating under the eastern caldera perimeter
[Battaglia et al., 2003]. A shallow (< 1 km depth) zone with low VP velocity was also
identified by Dawson et al. [1999] under the northeastern edge of Halemaumau. This zone
overlaps the shallow hydrothermal system inferred by Almendros et al. [2001], and reduced
P−wave velocities in this region were attributed to rock alteration in this acid-rich, hot
aqueous environment [Dawson et al., 1999].
Considered together, seismic and geodetic observations provide robust evidence for the
presence and repeated activation of a quasi-permanent plexus of magma-filled cracks
within a restricted source zone below the northeast edge of Halemaumau, and yield clues
on links between this zone and the east rift and deeper reaches of conduit below the
summit of Kilauea. A better understanding of the geometry and dynamics of the shal-
low conduit system in this region thus represents a critical element toward an improved
understanding of the overall magma pathway structure linking the sub-caldera reservoir
under Kilauea to the East Rift.
The present study describes results of detailed analyses of VLP signals associated with
degassing bursts at Kilauea during the period from March 2008 to February 2009. We
modeled the source mechanisms of fifteen degassing bursts, including the vent opening
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phase on 19 March, and bursts that occurred between 9 April 2008 and 4 February 2009.
We begin with a brief description of the methodology commonly used in the quantification
of seismic-source mechanisms in volcanoes, and follow with a detailed discussion of one
degassing burst. We then proceed with a forward modeling of the geometry of the con-
duit system beneath Kilauea based on systematic waveform inversions of VLP waveforms
recorded for the fifteen events. Finally, we provide an interpretation of the implications
of this conduit model for the source processes driving degassing bursts at Kilauea.
2. Broadband seismic network
Our data were recorded by a permanent broadband seismic network operating at Kilauea
Volcano since 1994 [Dawson et al., 1998; Ohminato et al., 1998]. In its current configu-
ration, stable since February 1998, the network has an aperture of 5 km and features 10
three-component Guralp CMG-40T broadband (0.02 - 60 s) seismometers (Figure 1). This
receiver layout was selected to provide optimum coverage in both azimuth and distance for
sources located at shallow depths beneath the center of Kilauea Caldera. The network uses
the 16-bit USGS digital seismic telemetry package operating at 100 samples s−1 channel−1.
The time base is provided by the Global Positioning System (GPS) and has an accuracy
of 5 µs. All the receivers were positioned with GPS with an accuracy of 5 cm in absolute
location. The orientation of horizontal components was obtained by field measurements
with a compass and checked with GPS readings performed over a 20-m long baseline
extending through the north component of each receiver, yielding an angular resolution
of ∼ 2◦. Amplitude and phase responses of the system components were first derived
analytically and subsequently confirmed by field calibrations. Station calibrations and
sensor orientations were then double checked by comparing three-component waveform
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data among all receivers using 15-s teleseismic Rayleigh and Love waves from Ms 6-7
earthquakes that occurred around the Pacific Basin.
3. Data
Our analyses focus on seismic activity that occurred in the period March 2008 - February
2009. Volcanic activity in the summit caldera of Kilauea during this time was marked by
the opening of a new vent in Halemaumau pit crater on March 19. Since then, sustained
gas emission, interspersed with occasional bursts of gas, ash and small ejecta have occurred
at this vent, all of which were accompanied by seismic signatures that were clearly recorded
by the summit broadband network.
Semblance analyses carried out in the 10− 50 s band for sustained background tremor
accompanying this degassing activity point to a highly stable source located near sea
level under the eastern edge of Halemaumau [Dawson et al., 2010]. Sudden bursts of
degassing accompanied by VLP signals with high signal-to-noise ratios were also observed
to originate from the same location during this year-long interval. Fifteen of these bursts
have been selected for analysis in this study.
Figure 2 shows representative records obtained in the 0.1 − 50 s band for the fifteen
bursts, which include the initial vent-clearing event on March 19. The event signatures all
show a burst of short-period energy followed by decaying oscillations with LP and VLP
components. Figure 3 shows a vertical-velocity spectrum obtained at station NPB for the
degassing burst on 27 August 2008. The spectrum is marked by dominant spectral peaks
at frequencies near 0.04, 0.22, 0.41, and 0.49 Hz. Although not shown, the gross spectral
features illustrated in this figure are common to all the bursts observed during the time
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interval of our study. Such characteristics are commonly attributed to oscillations of a
fluid-filled resonator in response to a pressure transient [Chouet , 2009].
We note that not all of the 15 selected events in Figure 2 produced explosive surface
bursts and an accompanying acoustic pulse in the atmosphere [Fee and Garces , 2008].
The two events on 9 July and at 14:46 HST on 2 September (Figure 2) are examples of
quiet bursts that did not generate detectable infrasound [Fee and Garces , 2008]. There
were multiple gas bursts on 2 September and most produced acoustic VLP and LP signals,
hence atmospheric propagation effects are not a primary issue. The lack of infrasound
signal in some events rather suggests that the degassing process may sometimes have a
relatively gentle surface manifestation.
We consider VLP waveforms obtained by band-pass filtering the data with a two-pole,
zero-phase-shift Butterworth filter between 10 and 50 s (0.02 − 0.10 Hz). Although the
lower corner of the CMG-40T sensors in our network is 60 s, the sensitivity of the sen-
sors to diurnal temperature variations and other environmental inputs makes the signals
unreliable at periods longer than 50 s. Hence, we limit our analysis to periods shorter
than 50 s. We also limit our consideration to periods longer than 10 s, for which the
assumption of a simple point source is adequate. The 10 − 50 s band is marked by grey
shading in Figure 3.
4. Data Analysis
We consider full-waveform inversion of VLP signals assuming a point source embedded
in a homogeneous elastic medium that takes topography into account. The assumption
of a homogeneous medium is justified for the very long wavelengths considered in the
present analyses (see Section 4.2). To reduce computation time, we use the reciprocity
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between source and receiver [Aki and Richards , 1980] and work in the frequency domain.
This strategy, which relies on the repeated inversion of small matrices, is computationally
more efficient than the time-domain approach involving an onerous calculation of a single
very large matrix [Auger et al., 2006]. Another advantage of working in the frequency
domain is the reduced number of samples required to model the signal [Waite et al., 2008].
Using reciprocity and working in the frequency domain allows the use of a grid search for
the best-fitting point source over a large volume. The inversion method and evaluation of
results are described below.
4.1. Waveform Inversion Method
The displacement field generated by a point source is described by the representation
theorem, which is expressed through the convolution [Chouet, 1996, equation 8]
un(x, t) = Mpq(t) ∗Gnp,q(x, ξ, t) + Fp(t) ∗Gnp(x, ξ, t) , (1)
where un(x, t) is the n−component of seismic displacement observed at a point x at time
t, Mpq(t) is the time history of the pq−component of the moment tensor at position ξ
of the source, Fp(t) is the time history of the force applied in the p−direction at ξ, and
Gnp(x, ξ, t) is the Green tensor which relates the xn−component of displacement at x
with the xp−component of impulsive force applied at ξ. The notation , q indicates spatial
differentiation with respect to the ξq−coordinate at the source and the symbol ∗ denotes
convolution. The summation convention is assumed throughout for repeated subscripts.
Expressed in the frequency domain, equation (1) becomes
un(x, ω) = Mpq(ω) ·Gnp,q(x, ξ, ω) + Fp(ω) ·Gnp(x, ξ, ω) , (2)
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which may be rewritten in matrix form as
U(ω) = G(ω)S(ω) , (3)
where U represents the Nt × 1 vector of Fourier-transformed ground displacement com-
ponents, G is the Nt ×Nm matrix of Fourier transforms of the Green functions, S is the
Nm×1 vector of Fourier-transformed force and moment-tensor components, Nt is the num-
ber of observed seismic traces, and Nm is the number of source mechanisms. Minimizing
the least squares residuals between data and synthetics in (3) yields the solution
S(ω) = [GH(ω) G(ω)]−1 GH(ω) U(ω) , (4)
where the symbol H indicates the conjugate transpose (Hermitian) and S is the vector
of calculated Fourier-transformed source components. A solution of (4) is obtained sep-
arately for individual frequencies, and the time histories of the force and moment-tensor
components of the source are retrieved from the inverse Fourier transforms of the relevant
components of the vectors S. Synthetic seismograms for all the traces are computed in
the frequency domain using equation (2) followed by application of the inverse Fourier
transform.
As the actual position of the source is unknown a priori, our calculations are repeated
for different source positions and the best-fitting point source is determined by minimizing
the residual error between calculated and observed seismograms. Our search is carried out
for point sources distributed over a uniform mesh encompassing the anticipated source
region and the number of point sources considered is quite large. To avoid excessively
time-consuming computations we make use of the reciprocal relation between source and
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receiver [Aki and Richards , 1980; Chouet et al., 2005; Auger et al., 2006; Ohminato, 2006],
Gmn(x1,x2) = Gnm(x2,x1) . (5)
This relation states that the m component of displacement at x1 due to a unit impulse
applied in the n direction at x2, shown as Gmn(x1,x2) in equation (5), is the same as the
n component of displacement at x2 due to a unit impulse applied in the m direction at
x1 (Gnm(x2,x1) in equation (5)). Using reciprocity, we calculate the three components
of displacement at each source node generated by impulsive forces applied in the x, y,
and z directions at each receiver location in our network. The Green functions of the
moment components are then derived by spatial differentiation of the results obtained
for the forces. For our network of 10 three-component receivers, only 30 computer runs
are required to generate Green functions for all the point sources, resulting in a dramatic
reduction in computational load.
4.2. Calculation of Green Functions
Our calculations of Green functions assume a homogeneous medium and include con-
sideration of the topography of Kilauea. Based on the structural model of Dawson et al.
[1999], we assume a compressional wave velocity VP = 4 km/s, shear wave velocity
VS = 2.3 km/s, and density ρ = 2650kg/m3. Wavelengths corresponding to the period
range 10 - 50 s of VLP signals considered in this study span 23 - 200 km, so small-scale
velocity heterogeneities are assumed to have a negligible effect on the data. Green func-
tions are convolved with a smoothing function to insure the stability of the inversion. We








tp )], 0 ≤ t ≤ tp,
0, t > tp,
(6)
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in which tp = 2.0 s. The Green functions, convolved with this function, represent the ele-
mentary source-time functions used in the inversion. No anelastic attenuation is included
in our calculations of Green functions, because all the receivers in the Kilauea network are
located within a fraction of wavelength from the source, and anelastic attenuation effects
are negligible over such short distances.
Synthetics are obtained by the three-dimensional finite-difference method of Ohminato
and Chouet [1997]. The computational domain is centered on the summit caldera and
has lateral dimensions of 15.2× 15.2 km and a vertical extent of 8 km. Our calculations
are performed over a regular grid with 40 m spacing. This size grid is small enough
to satisfy the criterion of minimum number of grids per wavelength of 25 established by
Ohminato and Chouet [1997], and the size of the computational domain is sufficiently large
to minimize spurious edge reflections, yet small enough to preclude excessive calculations.
The Cartesian coordinates are set with the origin at the bottom southwest corner of the
domain, with the x axis positive eastward, y axis positive northward, and z axis positive
upward. The top boundary of the domain is set to coincide with the maximum topographic
elevation of Kilauea of 1680 m at the northwestern edge of the domain. The topography of
Kilauea is obtained from a digital elevation map (DEM) provided by the U. S. Geological
Survey.
To determine the best-fit point source, we conduct a grid search over a volume of
1000×1000×2000 m centered 1 km below the eastern edge of Halemaumau. The volume
covers the source location estimated from radial semblance analyses of broadband network
data filtered in the 10 - 50 s band [Dawson et al., 2010].
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4.3. Evaluation of Results
As the actual number of parameters in the source mechanism is unknown, our initial ap-
proach is to consider three possible source mechanisms: (1) three single-force components
only; (2) six moment-tensor components only; and (3) six moment-tensor components
plus three single-force components. The selection of an optimum solution is based on the
residual error, the relevance of the free parameters used in the model, and the physical
significance of the resulting source mechanism. We use the following measure of squared

















where u0n(p∆t) is the p−th sample of the n−th data trace, usn(p∆t) is the p−th sample
of the n−th synthetic trace, Ns is the number of samples in each trace, and Nr is the
number of three-component receivers. In this expression, the squared error is normalized
receiver by receiver, so that stations with lower amplitude signals contribute equally to the
squared error as stations with large-amplitude signals. This definition of error accounts
for stations from all distances equally.
To test the significance of the number of free parameters, each source model is evaluated
by calculating Akaike’s Information Criterion (AIC) [Akaike, 1974] defined as
AIC = Nobs lnE + 2Npar, (8)
where Nobs = NtNs is the number of independent observations, E is the squared error
defined by equation (7), and Npar is the number of free parameters used to fit the model
(Npar is the number of source mechanisms considered times the number of spectral compo-
nents used in the frequency-domain inversion). Additional free parameters in the source
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mechanism are considered to be physically relevant when both the residual error and AIC
are minimized.
4.4. Results
Figure 4 shows the locations of the point sources and distributions of residual errors
calculated with equation (7) for the degassing burst on 9 April, one of the best resolved
events in our data set. The blue surface shows the shape of the misfit distribution around
the minimum residual error for a source mechanism consisting of six moment-tensor and
three single-force components. This iso-surface represents an error increment of 0.25%
above the minimum misfit and its shape and extent provide a measure of the uncertainty
in source location. The error minimum (E = 3.43%, Table 1) yields a source centroid
located 40 m below sea level (white dots numbered 1 within grey areas bounded by blue
lines in side and bottom panels), ∼ 1000 m below the east flank of Halemaumau. The
surface has a narrow, vertically-elongated shape that dips steeply in the southeastward
direction. Its dimensions are about 600 m by 200 m.
The red surface in Figure 4 is the shape of the misfit distribution for a source mechanism
composed of six moment-tensor components only. The iso-surface representing the 0.25%
error increment above the best-fitting point source is slightly elongated vertically, and
extends about 300 m by 200 m. The error volume enclosed within this surface partially
overlaps the volume obtained for a mechanism including six moment-tensor and three
single-force components. The source centroid corresponding to the minimum residual
error (E = 3.93%, Table 1) is located 80 m above sea level, 120 m above, and 80 m south
of the best-fitting point source obtained for the solution with six moments and three forces
(white dots numbered 2 within grey areas bounded by red lines in side and bottom panels).
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Also shown in Figure 4 are source locations obtained for reconstructed mechanisms that
are compatible with the results obtained from inversions with six moment-tensor and
three single-force components, or six moment-tensor components only. We discuss these
reconstructions further below.
Figure 5 shows the waveform matches obtained by inversion with a mechanism composed
of six moment-tensor and three single-force components. These results are representative
of the best-fitting source centroid (Figure 4). The quality of the fits is very high as indi-
cated by the small value of residual error (Table 1). Fits obtained for a source mechanism
including six moment-tensor components only are virtually indistinguishable from the
results shown in Figure 5. Fits obtained for a source composed of three single-force com-
ponents only are far worse than fits obtained with either moments and forces, or moments
only (Table 1), hence the isolated force triad model is dropped from further consideration.
Figure 6 illustrates the source-time histories obtained for the fits depicted in Figure 5.
Overlaid in red on the moment-tensor components of the source with nine mechanisms are
the moment-tensor components obtained for a mechanism composed of six moment com-
ponents only. The moment-tensor solutions for the two models are consistently shaped,
although there are slight differences in amplitudes in the dipole components attributable
to the effect of the three force components in the solution with nine mechanisms. A
dominantly vertical force accompanies the moment components in the moment and force
model. We note the slightly smaller residual error obtained for the source mechanism
with six moment-tensor and three single-force components compared to the mechanism
obtained for six moment-tensor components only (0.5% error decrease, Table 1). The
decrease in error accounts for the lower AIC value in the model including nine mecha-
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nisms compared to the model featuring six moment-tensor components only (see Table 1).
Based on a combination of the AIC values and other considerations developed in the fol-
lowing paragraphs we may conclude that the force components do have significance from
a physical standpoint and are not merely an artifact of the larger number of parameters
describing the source.
To better understand the contribution of the force to the source mechanism, we studied
the relative amplitudes of the Green functions corresponding to forces and moments. For
each of the network receivers, we computed the ratio between the peak-to-peak amplitude
of the ground response produced by a unit vertical force (the Green function for Fz) and
the peak-to-peak amplitude of the ground response generated by a unit vertical dipole
(the Green function for Mzz). We used a set of 20 point sources randomly distributed
within the source region (enclosed within the blue surface in Figure 4) to estimate the
average effect. Our results show that the relative contributions of the single-force and
moment-tensor components vary by receiver and source position. Specifically, the relative
amplitudes of the vertical components of the Green functions due to a vertical force (Fz)
and vertical dipole (Mzz) at the same location, range from 1000 at the receiver nearest
to the source, to 6000 at the farthest receiver. In other words, the force and moment
contribute equally to the signal amplitude observed at the closest receiver when the ratio
Fz/Mzz is 10−3m−1, and the force and moment contribute equally to the signal amplitude
observed at the most distant receiver when this ratio is 1.7 × 10−4 m−1. In the source
mechanism illustrated in Figure 6, the ratio of the peak-to-peak amplitudes Fz/Mzz is
0.4× 10−4 m−1. Therefore, Fz contributes between 4% and 25% of the vertical waveform
amplitudes in our solution.
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The moment tensor imaged for the best-fit models with either six or nine mechanisms
is dominated by three dipole components that are in phase, with little energy in the shear
components, indicating the mechanism represents a volumetric source. We analyze the
moment tensor by performing a point-by-point eigenvalue decomposition. Figures 7a and
7b show the statistics of the eigenvectors calculated for the model with six moments only.
The eigenvectors are obtained from samples taken every 0.05 s in the source time histo-
ries of the moment components in Figure 6 (red traces in this figure). The eigenvector
orientation is given by the azimuth φ measured counterclockwise from the east direction,
and polar angle θ measured from the vertical. Figure 7a shows rose diagrams of φ (Fig-
ure 7a, left) and θ (Figure 7a, right) for each eigenvector sorted into 5◦ bins. Figure 7b
shows histograms of the amplitude ratios of the largest to smallest eigenvectors (Figure7b,
left) and amplitude ratios of the intermediate to smallest eigenvectors (Figure 7b, right).
The weighted arithmetic mean, x, and one standard deviation (in parentheses) of the
eigenvector ratios (Figure 7b) are [1.00 : 1.46(0.08) : 1.44(0.09)]. For comparison, Fig-
ures 7c and 7d show the eigenvector statistics obtained with the same procedure applied
to the moment components for the source including moments and forces in Figure 6. The
eigenvector orientations (Figure 7c) are similar to those obtained for the solution with
moments only (Figure 7a), however the eigenvector ratios (Figure 7d) are slightly smaller
[1.00 : 1.29(0.05) : 1.18(0.08)].
The tight distribution of eigenvectors seen in Figure 7 highlights the stability of the
source mechanism. To assess the implications of these results, we compare the inferred
eigenvector ratios with theoretical ratios representing various geometries such as pipes,
cracks, or combinations of those elements. The three components of the diagonalized mo-
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ment tensor describing the radial expansion or contraction of a cylinder are represented
by three dipoles with magnitudes λ∆V , (λ+µ)∆V , (λ+µ)∆V , where the smallest dipole
is oriented along the pipe axis, and where λ and µ are the Lame´ moduli of the rock ma-
trix and ∆V is the volume change associated with the radial expansion or contraction of
the cylinder [Chouet , 1996]. For rock near liquidus temperatures, λ = 2µ is appropriate
[Chouet et al., 2003, 2005], and the ratios of the principal axes of the moment tensor
become [1 : 1.5 : 1.5]. These ratios are close to the ratios obtained for the source mecha-
nism composed of moments only, suggesting that a pipe may be an appropriate geometry
for the VLP source. We note, however, that a mechanism with these eigenvalue ratios
can also be obtained with a composite of two volumetric sources. An example is a set
of two intersecting cracks. The principal axes of the moment tensor for a tensile crack
have amplitudes λ∆V , λ∆V , (λ+ 2µ)∆V , where the dominant dipole is oriented normal
to the crack face and where ∆V is the volume change associated with the opening or
closure of the crack. With λ = 2µ, this yields the dipole ratios [1 : 1 : 2]. The moment
tensor representing the contributions from two intersecting cracks that are orthogonal to
each other and share the same source time function, is obtained by the matrix operation
[1 : 1 : 2] + [1 : 2 : 1] = [2 : 3 : 3], which becomes [1 : 1.5 : 1.5] after normalization. Thus,
the underlying geometry of the VLP source may be equivalently represented in the form
of either a pipe or two intersecting cracks.
The same considerations applied to the source composed of moments and forces suggest
other possible geometries. For example, the moment tensor for a pipe intersecting a
crack, in which the crack plane is orthogonal to the pipe axis, and where both crack and
pipe share the same shape of source time function and the pipe contributes 85% of the
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volume change and the crack the remaining 15%, is obtained from the matrix operation
0.85[1 : 1.5 : 1.5] + 0.15[2 : 1 : 1] = [1.15 : 1.425 : 1.425], yielding the dipole ratios
[1:1.24:1.24] after normalization. Similarly, two orthogonal pipes with similar source time
shapes, in which one pipe contributes 70%, and the other 30% of the total volume change,
yield the eigenvector ratios [1 : 1.30 : 1.17]. The ratios [1 : 1.24 : 1.24] and [1 : 1.30 : 1.17]
are both within one standard deviation of the ratios [1 : 1.29 : 1.18] inferred for the
mechanism including moment and force, implying that a pipe intersecting a crack, or two
intersecting pipes, may represent equally plausible geometries for the VLP source.
As noted above, the eigenvalue ratios obtained with six or nine mechanisms are all
suggestive of a source composed of pipe-like and/or crack-like components. To formalize
this implication, we carry out systematic reconstructions of the VLP source mechanism for
models consisting of a single pipe, a single crack, two intersecting pipes, two intersecting
cracks, and an intersecting pipe and crack. Keeping in mind that a single force is part of
the source mechanism, we include three single-force components in all our models. Each
model is represented by an equivalent point source, initially co-located with the point
source imaged from waveform inversion with moment-tensor components only. A search
for the best-fitting model is carried out by systematically varying the angles θ and φ
defining the orientation of each source component. For each source model, we determine
the minimum residual error and mean dipole orientations and dipole ratios calculated from
a point-by-point eigenvalue decomposition of the reconstructed mechanism. These values
are then compared to the minimum residual error and mean dipole orientations and dipole
ratios derived from the original inversions with either six or nine mechanisms. Once a best-
fitting model has been obtained for a location, the search is repeated for adjacent point
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sources within a small volume centered on the original point-source location to guarantee
that the parameter space has been fully explored and that an absolute minimum in residual
error between data and synthetics has been obtained.
We found four model geometries whose eigenvector statistics are compatible with the
statistics of the original inversions with six or nine mechanisms. The locations of the
best-fitting point sources associated with each of these models are plotted in Figure 4.
As before, the uncertainty in source position is derived from an error increment of 0.25%
above the minimum error (not shown in Figure 4). The uncertainty in source location is
the same for all the reconstructed models and amounts to ±160 m vertically and ±120 m
horizontally. All the reconstructed sources fall within ∼ 250 m of the original source
location obtained with six mechanisms. The geometries of the four models are illustrated
in Figure 8, and the source time histories for each model are plotted in Figure 9. The
imaged geometries include a single pipe (Figures 8a and 9a), a pipe intersecting a crack
(Figures 8b and 9b), two intersecting cracks (Figures 8c and 9c), and two intersecting
pipes (Figures 8d and 9d). The residual error and AIC obtained for each model are listed
in Table 1. The residual errors for these models are all within 0.6% of the minimum
residual error in the original model with either six or nine mechanisms. The waveform
fits for the reconstructed models are essentially indistinguishable from the fits shown in
Figure 5. We note that all four models yield AIC values lower than the AIC obtained for
the original inversion with six mechanisms. Our results also confirm that a single crack
model is inadequate to explain the VLP data (Table 1).
In Figure 9, the volume changes in the cracks are obtained from the amplitude (λ +
2µ)∆V of the principal dipole component representing each crack in the composite models,
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and the volume changes in the pipes are derived from the amplitude λ∆V of the smallest
dipole representing each pipe element in the models. These results assume the value
µ = 10 GPa and Poisson ratio ν = 1/3 (λ = 2µ). When estimating the magnitude of
∆V , a clear distinction must be made between a source that is free to expand and a
source confined by the pressure of the surrounding medium. The volume change ∆V
obtained from the moment tensor represents the stress-free volumetric strain described by
Eshelby [1957] and is strictly applicable to a source that is free to expand. Under confining
pressure from the surrounding medium, the actual volume increase may be smaller than
∆V . That is, rather than expanding by ∆V and being subjected to zero pressure, the
source may expand by δV subjected to a pressure increase δp, where the ratio δV/∆V
depends on the geometry of the conduit. For a cylindrical conduit, one obtains [Kawakatsu
and Yamamoto, 2007]
δV = λ+ µλ+ 2µ∆V , (9)
and
δp = µδVV , (10)
where V is the volume of the conduit. For this geometry, δV represents seventy five
percent of the stress-free volume change when λ = 2µ. This correction has been applied
in Figure 9, where the volume changes in the pipe elements represent δV obtained from
equation (9). For a thin crack (with an opening much less than the length scale of the
crack) the two volume changes turn out to be the same (δV = ∆V ), hence our estimates
of volume changes for the cracks in Figure 9 represent the ∆V obtained directly from the
moment tensor. We note that δV represents the volume change used in geodetic analyses
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[e.g., Mogi, 1958], and this may be referred to as a ‘Mogi volume’ to distinguish it from
the stress-free volume change [Kawakatsu and Yamamoto, 2007].
Among the candidate models, the single pipe and dual-crack models fit the data equally
well. The imaged pipe dips 64◦ northeast (dip is referred to the horizontal plane), while
the dual-crack model features an east-striking crack (dike) dipping 80◦ north, intersecting
a north-striking crack (another dike) dipping 65◦ east (Figures 8a and 8c). The maximum
volumes changes are 5170 m3 in the pipe, and 3527 m3 in the dominant crack (colored
red), and 3331m3 in the subdominant crack (shown in grey) in the dual-crack model. We
note that the pipe axis is oriented parallel to the hinge marking the intersection of the
two cracks, a picture fully consistent with the results obtained from the original inversions
with moments only, or moments and forces. The source time histories of volume change in
these models closely resemble the source time histories of the moment-tensor components
in the original inversion models illustrated in Figure 6.
The pipe-crack model (Figure 8b), and dual-pipe model (Figure 8d) both fit the data
slightly better, and yield AIC values that are the lowest among all models (Table 1).
The pipe-crack model features a dominant pipe whose orientation is within 6◦ of the pipe
orientation in the single pipe model (Figure 8a), and a secondary crack that is roughly
orthogonal to the pipe. The source-time histories of volume change (Figure 9b) show that
the pipe contributes 90% (4933 m3), and the crack the other 10% (573 m3), of the overall
volume change in this model. The dual-pipe model in Figure 8d features a dominant pipe
oriented sub-parallel to the pipe orientations imaged in the single-pipe and pipe-crack
models, and a subdominant pipe sub-orthogonal to the main pipe. The dominant pipe
contributes 83% (4740 m3) of the overall volume change, while the subdominant pipe
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provides the remaining 17% (992 m3). The source-time histories of volume change in the
dominant pipe elements in the two models are fully consistent with the results obtained
for the single-pipe and dual-crack models. The signals from the subdominant crack, or
subdominant pipe, are comparatively simpler. We note that there appears to be little
response from the subsidiary element during the oscillations composing the later portions
of the volumetric signal in the dominant pipe.
A dominantly vertical single force with magnitude of 6 GN accompanies the volumetric
source components in all four models. The direction of the force is initially upward, then
downward and upward again in synchrony with the deflation-inflation-deflation sequence
seen in the dominant component of the volumetric source.
To test the robustness of our models, we carried out waveform inversions for six or
nine mechanisms, followed by source reconstruction for the degassing bursts on 19 March
and 27 August 2008, and 4 February 2009. The results from inversions with six or nine
mechanisms yield sources that are co-located with the 9 April 2008 source. For each
geometry in Figure 8, the reconstructed source is positioned within 80 m of the original
point source representative of this geometry (Figure 4), and is oriented within 10◦ of the
orientation illustrated in Figure 8. In light of these results and given the close dynamic
similarities shared by individual bursts, we proceeded to invert the waveforms for all
bursts for each of the four mechanisms imaged for the April 9 event (Figure 8), in which
we used the source location appropriate for each mechanism as indicated in Figure 4.
The fits obtained in this manner were all found to be similar to the fits illustrated in
Figure 5. For reference, the residual errors obtained with two cracks plus three forces
are listed in Table 2 for the fifteen bursts. The residual errors are estimated over a fixed
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204.8-s-long record, however, due to saturated records in some of the bursts, the number
of data channels available for waveform inversion is not the same for all events. Table 2
provides information about the network coverage for each event.
In order to help distinguish between the four candidate conduit geometries (Figure 8)
suggested by the seismic inversions we now consider their plausibility from geological and
fluid-dynamic perspectives. A single-pipe structure (Figure 8a) in the shallow subsurface
has geological plausibility. A view into the Halemaumau vent during a helicopter overflight
in early September 2008 [Patrick et al., 2008] revealed a pipe-like structure extending to
the surface of a lava pond ∼200 m below the Halemaumau floor (see Section 5). Similar
pipe-like structures have previously been observed to extend below the cooled surface vents
in long-lived eruptions of Kilauea after lava drain-back had completed and the eruption
had concluded. Examples include the Kilauea Iki vent of November 1959 and the Mauna
Ulu vent of 1969. Within the uppermost 1000 m, confining pressures are not yet high
enough to completely collapse such structures.
Two intersecting pipes (Figure 8d) are not geologically observed and likely to be unstable
on thermal grounds as one pipe would capture the flow of the second, preventing its
further maintenance and development. However, the mathematical representation of this
point source does not differentiate two intersecting pipes from a pipe elbow. This is
a more reasonable geological interpretation and provided the two connected pipes are
wide enough, they could remain open under the prevailing conditions at 1000 m depth.
Nevertheless, at such depths, a crack-like dike morphology would be more likely from a
geological perspective.
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The intersecting pipe and crack model (Figure 8b) also has geological plausibility. One
may consider the crack to be an inclined sheet of magma that is supplied from beneath.
An elbow connects the sheet to a pipe-like structure that channels magma to higher
levels. We note that a sub-horizontal crack was imaged in the same source region by
Ohminato et al. [1998] based on waveform inversions of VLP signals associated with a
magma surge beneath Kilauea Caldera on February 1, 1996. Ryan et al. [1983] also
presented geodetic evidence for at least two thin sills within the sub-caldera magma plexus
of Kilauea, and illustrated their relationships with other internal elements of the volcano.
Two intersecting sub-vertical cracks (Figure 8c) represent a high degree of geological
plausibility, with cracks providing a natural geometry for fluid transport at depth in
the Earth. Furthermore, the east-striking crack in this model is oriented sub-parallel to
old eruptive fissures extending eastward from the northeast edge of Halemaumau [Neal
and Lockwood , 2003], and its orientation is consistent with an earlier model obtained by
Chouet and Dawson [1997] for VLP signals originating from the same location in February
1997. As such this crack could provide a direct pathway for magma flow into the upper
east rift. The intersecting north-striking crack could provide a fluid connection to higher
levels, where it could merge with the shallow pipe structure extending below Halemaumau,
thereby providing a pathway to the surface for episodic gas discharges.
In terms of representing a conduit discontinuity where pressure and momentum changes
resulting from flow processes in the conduit are coupled to the Earth, the four models in
Figure 8 are physically self-consistent. In the pipe model (Figure 8a), coupling can be
achieved via a conduit flare, and in the dual-crack model (Figure 8c) this can be achieved
through the intersection of two interlocking vertical cracks, in which the top crack is partly
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intersecting the bottom crack. In both the pipe-crack and dual-pipe models, coupling is
achieved through an elbow.
Finally, we can consider the implications the different geometries have on the implied
pressure changes in the source region. To first order, we can consider that the vertical
forces are induced by fluid pressure changes coupling to horizontal components of the
conduit geometry. A straightforward way to envisage the net result is that it reflects the
difference between the areas of upward- and downward-facing components of the conduit
wall, giving a net coupling area that could be estimated from the cross section of the
conduit as observed at the surface. Using a maximum conduit radius value of 15 m (see
next section), this yields and area of 710 m2, which for the maximum downward force of
3.5 GN seen in the pipe model (Figure 9a) implies a pressure change of 5 MPa. Using
this value in eq. (10) with the volume change of 3100 m3 (Figure 9a) and µ = 10 GPa,
would give a conduit length of ∼ 9 km for the active VLP source. This is highly unlikely.
Unrealistic pipe lengths are also obtained with the other two models featuring a pipe as
the dominant source component (Figures 8b and 8d). In the dual-crack model (Figure 9c),
we have a maximum downward force of 3.5 GN implying a pressure change of 5 MPa, that
is associated with the peak volume inflation of ∼ 2100 m3 in the dominant crack. Using
the relationship between excess pressure and volume change in a penny-shaped crack with






in which we put λ = 2µ with µ = 10 GPa and apply these values of δp and ∆V , we obtain
a crack with radius of ∼130 m, which is plausible. Despite the embedded uncertainty
with these analyses, sensible pressures and length scales are more readily calculable from
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the dual-crack model. Consequently, consideration of both geological plausibility and
the inferred magnitude of pressure changes at depth lead us to prefer the dual-crack
model for the VLP source region, and this model is assumed as an acceptable canonical
representation of the VLP source within the next section.
Figure 10 illustrates the source-time histories of volume change in the source region,
along with the accompanying vertical force component for the fifteen bursts listed in Ta-
ble 2. All the signals in this figure display similar characteristics starting with a deflation
of the source region occurring synchronously with an upward force, followed by re-inflation
accompanied by a downward force, and trailed by decaying oscillations with period near
24 s lasting up to several minutes in the larger events. Note that the apparent increase in
signal amplitudes seen two minutes after the start of the event on October 14 is the result
of two energetic bursts of degassing following in close succession behind this event (see
Figure 2). The largest volume change obtained among the fifteen bursts is ∼ 24, 400 m3,
and the maximum amplitude (peak to peak) of the force is ∼ 20 GN. The interval shaded
in grey in the source-time histories of the force (Figure 10) identifies a ‘double bump’
feature in the force signal that is common to all bursts and is discussed further below.
5. Source Dynamics
The source centroid imaged from inversion of VLP waveforms is located ∼1 km below
the east flank of Halemaumau, with an uncertainty in source location of ∼160 m vertically
and ∼120 m horizontally. The degassing vent is positioned beneath the southeastern wall
of Halemaumau crater ∼500 m south-southwest of the VLP source epicenter (Figure 4).
Visual observations indicate that the vent was initially 30 m wide, but has since grown
through repeated collapses of wall rock within the conduit above the lava surface, nearly
D R A F T May 24, 2010, 3:17pm D R A F T
CHOUET ET AL.: DEGASSING BURSTS AT KILAUEA 1 X - 33
doubling in diameter by September 5, 2008 [Orr et al., 2008; Patrick et al., 2008]. A single
set of LIDAR measurements on June 10-12, 2008 (Matt Patrick, personal communication)
provides an instantaneous estimate of the magma level in the conduit 205 m below the
Halemaumau floor, or ∼700 m above the VLP source centroid. In the following discussion
we consider a fixed depth of 200 m below the Halemaumau floor as our reference level for
the magma surface.
Our results (Figure 10) indicate that the source-time histories of degassing bursts have
similar shapes from event to event, from which we infer that the operative source processes
are essentially stationary with time and space within the bandwidth of our VLP data;
thus, an analysis of a representative event is adequate to fully describe the overall source
dynamics. In the following, we focus our attention on the 27 August degassing burst for
which video images of the erupting plume are available, enabling the timing of events at
the vent (Matt Patrick and Tim Orr, unpublished data). Coincident with the VLP event,
the continuous background gas emission (evident from the plume of condensed water of
magmatic or hydrothermal origin [Almendros et al., 2001] emerging quiescently from the
vent) is punctuated by an ash-laden degassing burst. The ascent of gas slugs has been
found to produce pressure and force changes in both experimental and numerical models
that may be linked to seismic signals [James et al., 2004, 2006, 2008, 2009; O’Brien and
Bean, 2008]. To explain the VLP signal and the observed sudden transient increase in
degassing rate and thermal flux, we hypothesize that the flow dynamics created by a
rising, expanding and bursting slug of gas provides a source mechanism for both, as well
as for accompanying acoustic signals [Garce´s and Fee, personal communication; Fee and
Garce´s, 2008].
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Figure 11 illustrates the VLP source behavior during the 27 August degassing burst.
Figure 11a shows the volume changes in the two cracks composing the dual-crack model
(Figure 8c) and related pressure change, in which we assume µ = 10 GPa and a fixed
‘effective’ crack radius of 130 m (see Section 4). Figure 11b shows the accompanying
vertical force and Figure 11c shows amplitude envelopes of the vertical component of
ground velocity recorded at NPB (Figure 1), roughly 1 km away from the vent. The two
signals illustrated in the latter panel are obtained by filtering the raw data through a
2-pole zero-phase-shift Butterworth filter. Drawn in blue is the signal obtained in the
0.1 − 0.3 s band emphasizing the short-period (SP) contents of the burst, and in red is
the corresponding signal in the 1−5 s band emphasizing the LP components of this event
(see Figure 3). The onset of source deflation and simultaneous onset of the upward force
occurs at ∼40 s. In Figure 11c, the grey band represents the period of rapid increase in
signal amplitude in the 0.1−0.3 s band, discussed in detail below. The interpreted timing
of slug burst and the first visible evidence of the impulsive event emerging from the vent
in the floor of Halemaumau crater, ∼200 m above the magma surface are indicated.
The single force in Figure 11b represents an exchange of linear momentum between the
source volume and the rest of the Earth [Takei and Kumazawa, 1994]. In the fluid-filled
conduit envisioned under Halemaumau, an exchange of linear momentum occurs when
the center of mass of the fluid accelerates upward or downward as a result of a change
in mass distribution in the source volume. Momentum exchange takes place through a
normal force applied at the top and bottom boundaries of the source volume, or through
a shear force exerted on the boundaries oriented parallel to flow.
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Two different scenarios are suggested as potential explanations for the process under-
lying the VLP source at Kilauea. Both scenarios rely on the existence of a geometrical
discontinuity along the conduit at the position of the VLP source centroid. This discon-
tinuity must provide an efficient coupling location for pressure to satisfy our observation
that the VLP source is narrowly localized spatially and highly stable temporally. This
could be achieved with a conduit flare at this location (pipe model, Figure 8a), two inter-
locking cracks (dual-crack model, Figure 8c), or an elbow (crack-pipe model, Figure 8b, or
dual-pipe model, Figure 8d). In scenario one, the causative flow process is co-located with
the VLP source and the root cause of the flow disturbance is the transit of a large slug
of gas through the conduit discontinuity [e.g., James et al., 2006]. In scenario two, the
VLP source only represents the coupling location [James et al., 2006] for pressure changes
generated by a flow process occurring elsewhere in the conduit, namely the near-surface
expansion of the decompressing slug [James et al., 2008, 2009].
A primary difficulty with the idea that the causative flow disturbance occurs at the
conduit discontinuity at 1 km depth is that the slug ascent (with an estimated velocity of
∼5 m/s) through the upper ∼700 m of conduit to the magma surface would be expected
to take ∼2 minutes. This is much longer than the few seconds implied by the data in
Figure 11, where the first pulse of ash occurs at the time of maximum conduit deflation.
Based on this consideration, scenario one is considered unlikely and is thus rejected.
To illustrate scenario two, we extend the scale of computational fluid dynamics sim-
ulations carried out by James et al [2008] in order to model the final ascent stage of a
slug of gas. In this near-surface region, irrespective of the deeper geometry in the VLP
centroid region, the conduit can be represented by a liquid-filled vertical cylindrical tube
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of diameter approaching that which, from observations, is considered to feed the vent sys-
tem at Halemaumau. Near-surface fluid pressure changes are then inferred to dominantly
couple to the surrounding solid within the geometry of the VLP centroid region below.
Uncertainties in rheological and geometric parameters would strongly limit the relevance
of a highly-detailed model, therefore our canonical near-surface models are aimed only at
demonstrating the first-order fluid dynamic processes and the magnitudes of pressure and
force transients involved. Here, we use a scenario more representative of Kilauea than con-
sidered previously (e.g., slug volumes approximately fifty times greater than the largest
in James et al., 2008). The simulations were carried out using the general-purpose 3D
fluid dynamics simulation package, FLOW-3D (release 9.3, http://www.flow3d.com) that
solves finite-difference (or finite-volume) approximations to the Navier-Stokes equations
over a grid of rectangular cells.
The simulations represent a 250-m tall, vertical, rigid cylinder (no elastic deformation)
of radius 5 m, closed at the base and filled to a depth of 150 m with an incompressible
Newtonian fluid. The symmetry of the model permits flow to be calculated within a
90◦ sector of the cylindrical tube; nevertheless, with a 0.2-m cell size, simulations took
multiple days to complete. Larger simulations (e.g., 15-m-radius tube) would have added
little to the current results and were impractical to run. For large bubbles of volatile in
magma, the strong density (> 470) and viscosity (∼ 107) ratio between liquid and gas
allows the volatile phase to be modeled simply as a homogenous ‘void’ region governed by
the equation of state of a gas. Thus, internal fluid flow within the bubble is not simulated,
and there is no constant stress condition applied at the interface between the magma and
volatile. Instead, the interface between the fluids is tracked by using the volume of fluid
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(VOF) method [Hirt and Nichols , 1981], in which the volume fraction of liquid in each
cell is calculated and cells partially filled with liquid identify the liquid-gas interface. The
local slope and curvature of the interface is then obtained directly from the liquid volume-
fractions in neighboring cells. The interface positions are controlled by the gas and liquid
static pressures, liquid dynamics and surface tension. At the start of a simulation, a large
‘void’ bubble is initially stationary near the base of the cylinder (i.e., at a liquid depth
of ∼150 m) and, over the following 60 s of simulation time, ascends to the liquid surface
and bursts.
Two simulations were carried out, one with a liquid viscosity of 500 Pa s and the
other 100 Pa s, both with a negligible surface tension of 0.4 N/m. These viscosities are
appropriate for the range of basalt viscosities estimated by Shaw et al. [1968] and Ryan and
Blevins [1987c] and similarities in the results illustrate the insensitivity of the first-order
processes to uncertainties in the viscosity value. In both simulations the ‘void’ bubble
has an initial volume of ∼470 m3 and pressure of ∼3.9 MPa. This represents a gas mass
of between ∼3800 and 9400 kg for end members of pure H2O or pure CO2 that covers
the possible range of major volatile species [Gerlach et al., 2002], assuming a temperature
of ∼1400 K. Note that in this system, thermal effects and non-ideal gas behavior are all
secondary processes and can be neglected; the dynamics are controlled by liquid inertial
and viscous forces [Clift et al., 1978; Seyfried and Freundt., 2000; James et al., 2004, 2008].
In Figure 12, snapshots of the 100 Pa s simulation are given along with changes in
the axial (vertical) forces exerted on the bounding tube during both simulations. These
results are consistent with both the laboratory experiments and modeling of slug flow
reported by James et al. [2008, 2009]. Visualizations of the Figure 12 runs are provided
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as Supplementary Movies. During ascent of the slug, changes in the net vertical force (FT )
exerted on the tube (black traces, Figure 12) result from variations in the fluid pressure
force coupling to the base of the tube (FP , blue traces) and vertical shear forces exerted
on the tube walls (FS, red traces). Both simulations show pressure oscillations (with
periods of ∼ 5 − 7 s) lasting up to ∼30 s due to longitudinal slug oscillation excited by
an initial bubble overpressure (which facilitates the establishment of steady flow around
the slug as the simulation begins). As such, these oscillations are essentially an artifact of
the static model starting condition and decay in amplitude until expansion signals start
to dominate prior to bubble burst at ∼39 s in the 500 Pa s run and ∼44 s in the 100 Pa s
run. Shorter-period (∼2 s or less) oscillations originate at the base of the slug, where
small bubbles (often outside the cross sections imaged in the Supplementary Movies) are
formed at the trailing edge of the slug during the establishment of flow. After burst,
further high-frequency signals are produced by instabilities within the falling film and
blobs of liquid impacting the liquid surface, a phenomenon also observed in laboratory
experiments [James et al., 2004, 2006].
To examine the first-order changes that occur during the near-surface ascent and burst
we first consider the forces acting on the vertical tube walls (Figure 12, FS). As the
slug ascends, a downward shear force is induced on the tube wall by the descending film
of liquid surrounding the slug body. Downward shear increases gradually as the slug
expands and lengthens, until rapid expansion of the slug just prior to reaching the surface
induces a component of upward-directed shear in the region around and above the slug
nose (Figure 12, middle snapshot; James et al., 2008, Figure 10a), which opposes most of
the downward shear due to the descending liquid film around the slug body. Upon slug
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burst, expansion no longer drives upward shear. Consequently, upward shear is provided
solely by the existing liquid inertia and declines rapidly, leaving only the downward shear
force, which then decays slowly back to zero as the draining liquid film thins out.
The changes in vertical pressure force exerted by the liquid on the base of the tube
(FP , Figure 12) reflect decreasing static pressures below the slug. As the slug ascends
and expands, viscous shear along the tube wall provides support for an increasing mass
of liquid and, consequently, the static pressure below the slug decreases, reducing the
(downward) pressure force coupling at the upward-facing base of the tube (i.e. effectively
producing an upward force). During most of the ascent, this increasing upward force on
the tube (from decreasing basal pressure) is compensated by the increasing downward
force due to increasing shear and, accordingly, the total force (FT ) on the tube does not
change significantly (Figure 12); in laboratory experiments no tube motion is detected
[James et al., 2008]. However, at slug burst, the rapid dynamics deviate from this balance
and a net upward force transient with both shear and pressure components, is observed
as a result.
We can compare our simulation results with the forces and pressures derived by the
seismic inversion in terms of form, timescales and magnitudes. In terms of form, the
simulations illustrate how the slug ascent and expansion from a depth of ∼100 m decreases
liquid pressures below the slug (FP , Figure 12), in line with the reducing pressure/volume
between ∼40 and 65 s of the source-time histories in Figure 11a. In the VLP source
region, the pressure decrease couples to a horizontal component of the conduit, exerting
an upward force on the Earth. After slug burst, pressure in the source region would
increase slowly as the magma film drains back onto the magma column, but this signal is
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swamped by the resonant oscillations of the magma column excited by the burst process
(Figure 11).
For the timing of slug burst, the video images show the degassing burst at the vent
surface from ∼67 s, moving upward at ∼30 m/s. Although the large bursting gas slug
is likely to be overpressured, and we may infer that the process is typically Strombolian,
unlike eruptions at Stromboli, the jet expands into a larger cavity close to the magma
surface. The jet then decelerates to a buoyant plume by the time it is observable at the
level of the vent, ∼200 m above. Thus, to first order, assuming a similar gas velocity in
the open conduit below the vent to that observed above it, and with the magma level
estimated to be ∼200 m below the vent level, this suggests burst at ∼60 s. Corroborative
evidence is provided by the SP signal (0.1 − 0.3 s) that consistently accompanies the
onset of large VLP oscillation (Figure 2). This is shown in greater detail for 27 August
in Figure 11c, which illustrates an SP peak at ∼60 s. Furthermore, in the simulations,
the timescale of rapid slug expansion and burst is 1− 2 s (Figure 12), consistent with the
∼ 3−4 s rise-time of the SP envelope in Figure 11c. We therefore interpret the sharp rise
of the signal in the 0.1 − 0.3 s band as representing the onset of near-surface rapid slug
expansion, with slug burst occurring at ∼60 s. These SP signals are likely to have coupled
directly from the process of slug expansion/burst into the elastic solid and reached the
receiver within a fraction of a second of generation. As such we consider the SP signal
envelope in Figure 11 to be a reasonable representation of the real-time process associated
with the final part of slug ascent and burst.
In contrast to the SP signal, the VLP signal will be significantly delayed. The acoustic
speed of bubbly basalt is lower than the speed of pure liquid basalt and Chouet [1996]
D R A F T May 24, 2010, 3:17pm D R A F T
CHOUET ET AL.: DEGASSING BURSTS AT KILAUEA 1 X - 41
shows that for a gas volume fraction of 0.1 − 1% and bubbles with radii in the range
0.3 − 3 mm, the acoustic speed may be reduced to near 1 km/s in the depth range
500−1000 m. A larger gas volume fraction will act to reduce this further and a minimum
value could be a few tens of m/s [Kumagai and Chouet , 2000]. Due to the elasticity of
the conduit, a pressure disturbance propagates at a speed that is lower than the acoustic
speed of the fluid; in a sense, the effect of conduit elasticity is to decrease the effective bulk
modulus governing the wave speed. For a cylindrical conduit, the wave speed in this case
is the speed of the inhomogeneous tube wave [Biot , 1952], and for a crack-like geometry
this speed is that of the inhomogeneous crack wave [Chouet , 1986, 1988, 1996; Ferrazzini
and Aki , 1987]. Both types of waves (tube or crack wave) are inversely dispersive, i.e.,
the speed decreases with increasing wavelength. The tube wave speed decreases to a fixed
constant value lower than the acoustic speed at infinite wavelength, while the crack wave
speed decreases to zero for infinite wavelength [Ferrazzini and Aki , 1987]. Thus, at the
periods of 20− 30 s of our signal, the wave propagation speed may only be a few hundred
m/s, or less and the propagation of the pressure disturbance from near the magma surface
to the VLP centroid will take a few seconds. We therefore suggest that near-surface rapid
slug expansion registers at ∼61 s in Figure 11a, where the rate of pressure decrease
increases, and burst registers at ∼64 s shortly after which pressure increases as the 24-s
resonant VLP breathing mode is stimulated. This interpretation suggests the crack wave
propagates at ∼150 m/s meaning that Figure 11a, and the pressure-driven components
of Figures 11b and 11c, are offset by ∼4 s from the SP signal (Figure 11c) in terms of
response to the fluid-dynamic source mechanism. Note that the shear-driven component
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in Figure 11b may have a different time offset, with the shear force coupling directly into
the rock walls and then being subject to a travel time similar to that of the SP signal.
The timing of the VLP onset at ∼40 s (Figure 11a, b) could either represent the forma-
tion of the ascending slug (e.g., as gas escapes a geometric trap [Jaupart and Vergniolle.,
1988, 1989]) or a previously ascending aseismic slug becoming seismically detectable due
to its expansion. With slug burst interpreted to occur around 60 s, accounting for the
∼4 s VLP signal propagation delay suggests a slug ascent timescale of ∼24 s from the
detection/formation depth to the magma surface. In a 15-m radius vertical tube, gas slugs
would ascend at up to ∼ 5 − 6 m/s [White and Beardmore, 1962] so we can determine
that this represents slug ascent from a depth of < 150 m below the magma surface. The
lack of evidence for a significant gas trap at these depths leads us to prefer this as the
‘detection limit’ of already ascending slugs, at which ascent becomes measurable in the
VLP seismic signals.
Considering the general force and pressure magnitudes, the simulations produced forces
directly resulting from pressure changes of up to ∼0.08 GN for the 500 Pa s liquid. This is
roughly an order of magnitude less than the magnitude imaged in the 27 August degassing
burst (Figure 11) but produced by coupling through an area assumed to be ∼1/10 of that
below Halemaumau (pipe radii of 5 m in the simulation and 15 m at Halemaumau). Given
the canonical nature of the model, this is not an unreasonable match.
To consider the gas masses involved, the video data can be used to provide an order
of magnitude estimate for the 27 August event. The ash-laden burst exited through
the 50-m-diameter vent, ascending for 5 − 10 s at a velocity of up to 30 m/s. With
an approximate density of 1 kg/m3, this gives a gas mass of ∼ 105 kg. Based on the
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empirical scaling relation of James et al. [2009], in which the magnitude of the upward
force scales roughly in proportion to the square root of slug mass, the range of magnitudes
of the force in Figure 10 implies slug masses ranging between 104 and 106 kg, the lower
range of which approaches gas masses within the simulation. However, caution should be
exercised with this, because the scaling was not derived from results at these magnitudes;
James et al. [2009] investigated slugs with equivalent gas masses of < 102 kg, producing
force transients of ∼0.001 GN or less. The simulations also do not account for gas mass
lost during burst. Nevertheless, for a mass of 105 kg over a conduit radius of ∼15 m, the
pressure drop would be ∼1 kPa, which is negligible on the scale of Figure 11a and the
loss of gas mass is unlikely to contribute to the measured seismic signals.
However, in this interpretation so far, we have neglected the shear forces acting on
the conduit. In the simulations, the increasing downward shear force (FS) acting on the
regions of the conduit adjacent to the slug dominantly cancels the upward force exerted
by the reducing pressure at the base of the conduit (FP , Figure 12). This result is also
found in laboratory experiments where vertical apparatus displacements are not observed
prior to near-surface rapid bubble expansion and burst [James et al., 2008]. In contrast,
the seismic inversion results show an increasing net upward force between ∼40 and 58 s
(Figure 11b). If the slug ascent model provides a valid scenario, then, unlike the associated
pressure changes, these shear forces are somehow not being fully expressed within the VLP
source. This inconsistency may arise from assumptions in both the flow modeling and
seismic inversions. Experimental and numerical models both use effectively rigid tubes,
but the presence of volume change in Figure 11 shows this is not the case in reality. The
hot conduit wall under Halemaumau should probably not be represented as a step-like
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change in material properties between magma and country rock but rather as a thermal,
and hence mechanical, boundary layer of finite thickness. It is possible that the down-
ward shear force generated by slug flow between ∼40 and 58 s couples into increasingly
viscous and plastic deformation of a thermo-mechanical boundary layer surrounding the
slug region. Given that the strain-rates generated within the conduit wall by the falling
liquid film are likely to be small, then this thermo-mechanical boundary layer could have
appreciable thickness. If a non-trivial amount of energy is sunk into inelastic boundary
layer deformation, attenuation of the shear force could be severe and, consequently, the
effects of FS not fully manifested in the VLP source volume response. This indicates that
the force change in Figure 11b between ∼40 and 58 s is due predominantly to changes in
pressure. The seismic inversion also assumes a point source for the VLP signal; however,
the pressure-force and shear-force coupling locations are separated by 600− 700 m. It is
not clear what effect the possible combination of an inelastic boundary layer and source
separation may have on the inversion output, but their consideration provides a potential
goal for future inversion methods.
In the absence of shear forces, we would expect the upward force to increase as pressure
continues to decrease after 61 s in Figure 11. Instead, the upward vertical force decreases
after ∼58 s to a local minimum at ∼64 s, and increases again to a peak at ∼68 s, before
resuming the previous anti-phase relationship with pressure. This represents an additional
important complexity in the inversion solutions that is not expressed in our canonical fluid
dynamic model. The implication is that a transient downward force operates between
∼58 and ∼68 s, a time similar to that of the rapid slug expansion and burst (∼ 57− 67 s
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depending on propagation delay), indicating that any responsible process would probably
be located close to the magma surface.
We suggest two possibilities for this feature in the force traces, one being that it is the
result of a complexity in the near-surface conduit geometry (i.e., not a continuous straight-
sided pipe), and the other that it is a further manifestation of shear force effects that we
have yet to fully explain. Considering conduit geometry, after widening of the surface
vent, recent video data show two to three active sub-vents on a crater floor some 200 m
below Halemaumau (http://hvo.wr.usgs.gov/kilauea/update/images.html). These vents
have been observed with magma pouring out of one and into one or both of the others.
Occasionally magma accumulates on the floor, submerging all vents, before draining back
into one of the vents. During slug expansion, magma may be spreading out over the crater
floor rather than ascending a continuing conduit, reducing the head of liquid above the
expanding slug, as well as change the net shear force. The effect of this is unclear, and any
effect would be dependent on the relationship between the magma level and the conduit
geometry. The force reversal is seen in all the events in Figure 10 and is, therefore, highly
reproducible. Mechanisms involving interactions between the magma surface and conduit
geometry would rely on the magma level in the conduit also being highly reproducible.
It is also possible that shear force effects alone are responsible. Between ∼40 and 64 s
(Figures 11a, b) we have interpreted the volume and force signals purely in terms of
pressure change with the shear force potentially absorbed within a thermo-mechanical
boundary layer. However, as the gas slug expands the magma level is pushed upward
into conduit where the wall is likely to be cooler. It may be that here, the shear force
can no longer be absorbed and begins to manifest itself in the force signal. However,
D R A F T May 24, 2010, 3:17pm D R A F T
X - 46 CHOUET ET AL.: DEGASSING BURSTS AT KILAUEA 1
the snapshots in Figure 12 show that if the conduit wall above 150 m were to allow the
shear force to emerge, then the resultant net shear force would be lacking the downward
contribution from the falling magma film below the 150 m level. This would imply that
the net shear force would be directed upward, rather than the downward force needed to
explain the force minimum. During the final stages of slug expansion the upward shear
force around and above the slug nose opposes the downward shear force around the slug
body producing a transient stretching of the elastic conduit in the vicinity of the slug
nose [James et al., 2008]. Viewed as a point source, this conduit stretching would take
the form of a dipole (axially stretching and radially contracting the elastic solid) and it is
not yet clear how this would impact our VLP solution. It is also possible that the force
minimum results from a combination of geometric and shear-coupling mechanisms, but
our models, whilst giving valuable insight overall, are not sufficiently complex to provide
an explanation for the force event between 58 and 68 s (Figure 11b).
Following, and stimulated by slug expansion and burst, decaying volumetric and
opposite-polarity vertical force oscillations are observed (Figures 11a, b, see also Fig-
ure 10). This out-of-phase behavior is consistent with an elastic response of the conduit
induced by the up and down movement of the liquid. For example, at 74 s in Figure 11a
we observe peak pressure and peak conduit inflation, accompanied by a maximum in the
downward force applied at the base of the conduit (Figure 11b). Considering static fluid
pressure alone, peak pressure and downward force would be consistent with a maximum
level of magma in the conduit. However, this interpretation implies a varying magma
volume within the source volume (which includes the conduit extending to the surface).
This can only be achieved with additional volumetric change in the conduit system below
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the imaged source, and this is contrary to the description of the source as the dominant
region of volumetric change.
A more harmonious interpretation is to view the VLP source region as having an effec-
tively constant magma volume and consider the magma column as a mass bouncing on
a spring [James et al., 2006], where the spring represents the elasticity of the encasing
solid and magma compressibility. In this interpretation, peak pressure, conduit inflation
and downward force are produced when the magma level is at its lowest, with the ‘spring’
maximally compressed. The ‘spring’ recoil then imparts a maximum upward acceleration
to the liquid column, represented by the maximum downward force on the Earth.
As the magma level rises, the center of mass of the source decelerates, inducing an
upward reaction force on the Earth. At 84 s the pressure is at a minimum and the
conduit is maximally deflated, coincident with the highest level of magma reached. This
position represents a maximal stretch of the ‘spring’, corresponding to a minimum upward
force on the magma and resulting in a peak upward force on the Earth. Then, the magma
level starts to decrease again and the pressure increases. As the ‘spring’ compresses, the
center of mass decelerates, inducing an increasing downward force on the Earth. Peak
conduit inflation and maximum downward force are reached at 96 s, completing one
cycle of oscillation. The total volume change is ∼ 4680 m3 (Figure 11a), which suggests
the magma surface oscillates through ∼7-m height in a 15-m radius conduit. The conduit
oscillations then slowly decay over the course of several minutes (Figure 10) due mainly to
viscous dissipation at the conduit wall and to a minor extent to elastic radiation. Starting
simultaneously with these oscillations is an increase in the amplitude of oscillations in the
LP band (red trace in Figure 11c). The latter may represent higher-mode oscillations of
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the source. This would be consistent with the 3 − 4 s timescale of slug expansion and
burst stimulating oscillations in the 1− 5 s band. LP signals would then be subject to a
time delay similar to that between the slug expansion/burst source and the VLP source.
The LP signals may be further stimulated by the draining film of magma that is likely
to become unstable and form waves, and possibly by blobs of magma detaching from
the falling film and impacting the magma surface. To resolve these modes, waveform
inversions in the LP band over the full spatial extent of the source would be required.
Such inversions are left for future work.
6. Conclusions
Our analyses of VLP waveforms recorded during degassing bursts at Kilauea Volcano,
Hawaii, provide an integrated view of the fundamental process underlying these bursts.
The observed VLP waveforms are well fitted by a simple point source located under the
eastern perimeter of Halemaumau ∼1 km below the crater floor. The inferred seismic
source mechanisms include a volumetric component and a vertical single force. The volu-
metric component can be modeled as either (1) a pipe dipping 64◦ to the northeast; or (2)
two interlocking cracks including an east-striking crack (dike) dipping 80◦ to the north,
intersecting a north-striking crack (another dike) dipping 65◦ to the east; or (3) a pipe
dipping 58◦ to the northeast, intersecting a crack dipping 48◦ to the west-southwest; or (4)
a pipe dipping 57◦ to the northeast, intersecting a pipe dipping 58◦ to the west-southwest.
We interpret this point source as a geometrical discontinuity within the conduit where
pressure and momentum changes in the magma induced by shallow surges in degassing
are effectively coupled to the Earth.
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Each degassing burst displays similar characteristics marked by an initial deflation of the
volumetric source occurring synchronously with an upward force, followed by re-inflation
of the source accompanied by a downward force, and trailed by decaying oscillations in
both volume and force. This behavior is consistent with liquid movements induced during
the final ascent stage and burst of a large slug of gas at the top of the magma column,
and associated oscillatory response of the gas-liquid-solid system to this transient.
Numerical simulations of the ascent dynamics of a large slug of gas in a liquid-filled
vertical cylindrical tube provide canonical insights into the effect of slug expansion and
burst in a volcanic system. During slug ascent, gas expansion leads to an increasing
volume of liquid being effectively supported by viscous shear forces on the conduit wall,
decreasing the pressure below the slug. In the ∼1 km-long elastic conduit envisioned at
Kilauea, this pressure decrease propagates downward in the magma at the speed of the
interface wave and is effectively coupled to the solid at the conduit geometry change in the
VLP centroid region. In contrast, it appears that the associated shear force is not imaged
within the VLP source solution during most of the slug ascent and we hypothesize that
this may reflect inelastic processes not accounted for in either the fluid dynamic modeling
or seismic inversion. The VLP force reduction correlated to the short period of very rapid,
near-surface slug expansion, remains poorly explained and suggests additional near-surface
complexities to consider in future work.
We identify the SP oscillations as a real-time indicator of the most dynamic stage of
the fluid-dynamic source mechanism, namely rapid slug expansion and burst in the last
3−4 s of slug ascent. VLP and LP oscillations are then stimulated by the pressure changes
caused by slug expansion and burst. All degassing bursts during March 2008 - present
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at Kilauea summit follow the same general pattern. Extrapolating from the results of
James et al. [2009], in which force magnitudes scaled roughly in proportion to the square
root of slug mass, would suggest that the fifteen degassing bursts we quantified represent
masses ranging between 104 and 106 kg.
The source region of VLP energy observed during the course of our study coincides with
the region imaged from broadband data recorded at Kilauea in 1996 [Ohminato et al.,
1998], 1997 [Chouet and Dawson, 1997], 1999 [Almendros et al., 2002a], and 2004 [Daw-
son et al., 2004]. Collectively, these observations suggest that this region plays a key role
in the transfer of magma into the upper east rift, and has likely served this role for most of
the 25+ years of the current Pu‘u O¯‘o¯-Kupaianaha eruption. The spatial invariance of the
seismic source associated with the current activity is a direct reflection of the stability of
this section of conduit. This research demonstrates that monitoring ground motion result-
ing from fluid flow in active conduits with a dense, small-aperture network of broadband
sensors has great potential for quantifying the size, shape and position of geometrically
important zones in the magma transport pathway. This conduit-imaging work is crucial
to monitoring and interpreting the subsurface migration of magma that often leads to
eruptions, and thus enhances our ability to forecast hazardous volcanic activity.
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Figure 1. Map of Kilauea Summit Caldera showing locations of three-component broadband
stations (circles filled with grey). The star marks the position of the 2008-2009 vent in the
Halemaumau pit crater. Contour lines represent 20 m intervals. The inset shows the location of
Kilauea Caldera relative to the Island of Hawaii.
Figure 2. Typical records of degassing bursts obtained in the 0.1 - 50 s band. The records
show the vertical component of velocity at station NPB (see Figure 1) and are representative of
true ground motion after deconvolution for instrument response. The date and time (HST) at
the start of each record are indicated at the top left of the record, arranged chronologically from
March 2008 to February 2009.
Figure 3. Vertical velocity spectrum obtained at station NPB in the 0 - 1 Hz band for the
degassing burst on August 27, 2008. These data are corrected for instrument response. The
spectral band analyzed in this study is indicated by the grey band.
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Figure 4. Source location of the 9 April 2008 degassing burst. A northwest-looking cut-
away view of the Kilauea Caldera floor provides the reference for the location of the VLP source
in relation to the Halemaumau pit crater. Sea level (SL) is indicated by a dotted line. The
two colored surfaces represent source location uncertainties for a source mechanism including
six moment-tensor and three single-force components (blue surface numbered 1), or mechanism
composed of six moment-tensor components only (red surface numbered 2). Projections of the
corresponding error volumes on the side and bottom planes are shown in grey outlined by blue
or red. The white dots within these projections mark the source locations associated with the
minimum misfit for each assumed mechanism. Colored dots and their projections show the loca-
tions of the best-fitting point sources with reconstructed mechanisms matching the mechanisms
derived from inversions with moments and forces, or moments only (blue dot for a single pipe
plus three force components; red dot for a crack and pipe composite plus three forces; green dot
for a dual-crack mechanism plus three forces; and yellow dot for a dual-pipe mechanism plus
three forces). Topographic contours in the bottom plane are shown to better picture the source
locations relative to the active vent (red star) projected vertically downward from the surface.
Figure 5. Waveform match obtained for the 9 April 2008 degassing burst, in which six
moment tensor and three single-force components are assumed for the source mechanism. Red
lines indicate synthetics, and black lines represent observed velocity waveforms. The station
codes are indicated at the right and the station components are indicated at the top of the
figure, respectively.
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Figure 6. Source-time functions of the 9 April 2008 degassing burst, in which six moment
tensor and three single-force components are assumed for the source mechanism (black lines). For
comparison, red lines show the source-time functions of this event obtained with a mechanism
including six moment-tensor components only.
Figure 7. Eigenvector statistics for the moment tensor in Figure 6 for the solution assuming
six moment tensor only (Figures 7a and 7b) and solution assuming six moment tensor and three
single-force components (Figures 7c and 7d). The smallest (m), intermediate (I), and largest
(M) eigenvectors in Figures 7a and 7c are shown by black, grey, and open bins, respectively.
Histograms in Figures 7b and 7d show the amplitude ratios of (left) largest to smallest dipole
and (right) intermediate to smallest dipole. For added clarity values less than 30% of the peak
value are not plotted, and no distinction is made between expansion and contraction. The
weighted arithmetic mean x and standard deviation (in parentheses) are shown at the top right
of each panel.
Figure 8. Reconstructed source geometries for the 9 April degassing burst. The four geometries
are compatible with the mechanisms imaged from waveform inversion assuming either moments
and forces, or moment only. The dominant source component is colored red, and the sub-
dominant source component is colored grey. The residual error associated with each model is
shown in parentheses at the upper right. (a) Single pipe source. (b) Composite source made of a
pipe intersecting a crack. (c) Composite source made of two intersecting cracks. (d) Composite
source made of two intersecting pipes.
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Figure 9. Results of reconstructions of the source mechanism for the 9 April degassing burst.
(a) Single pipe source. (b) Composite source made of a pipe intersecting a crack. (c) Composite
source made of two intersecting cracks. (d) Composite source made of two intersecting pipes.
The source-time functions of the individual volumetric source components are color-coded with
the same colors as the corresponding elements illustrated in Figure 8; the dominant component
is colored red. The single force that accompanies each volumetric source is dominantly vertical.
Figure 10. Source-time histories of the fifteen degassing bursts obtained with the dual-crack
and force model. The volume changes in the two cracks are color-coded with the same colors as
the corresponding elements illustrated in Figure 8c; the dominant component is colored red (in
several bursts, the red trace is entirely beneath the solid black trace, i.e., the differences are too
small to be visible at the scale of the illustration). The grey band in the panel at right marks
the time interval during which the upward force shows a characteristic double bump.
Figure 11. Source behavior at the onset of the 27 August degassing burst. (a) Volume
change (left scale) and related pressure change (right scale) in each crack in the dual-crack
model, color-coded with the same colors as the corresponding elements illustrated in Figure 8c;
the dominant crack is colored red. (b) Vertical force. Both (a) and (b) represent the same band
of 10 − 50 s. (c) Amplitude envelopes of the vertical component of velocity at NPB, in which
travel time (0.22 s) has been removed assuming a source located 200 m below the vent; blue and
red represent the 0.1− 0.3 s band, and 1− 5 s band, respectively. The grey band represents the
period of very rapid near-surface expansion of the gas-slug; a dashed line represents slug burst.
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Figure 12. Liquid motions and forces during the final ascent stage of a simulated gas slug in a
liquid-filled vertical cylindrical conduit, closed at the base. The z-axis is positive upward. In the
graph, traces from two simulations are given for liquids with viscosities of 100 and 500 Pa s. For
both simulations, the vertical force, FS, exerted on the conduit by liquid shear (red trace) and
vertical force, FP , due to pressure variation at the base of the conduit (blue trace) are plotted
along with the net force FT = FS + FP (black trace). In the simulations, the slug is initially
stationary close to the base of the conduit and subsequently displays decaying longitudinal oscil-
lations with periods of ∼ 5 − 7 s resulting from pressure equilibration and the establishment of
flow. The snapshot images show vertical cross sections of the conduit in the 100 Pa s simulation
at the times indicated by the dashed lines. Note the amplified horizontal scale; the conduit is
10 m in diameter. The colors indicate the z-component of the liquid velocity, which represents
the dominant component of liquid motion. See Supplementary Movies for the full ascent in both
simulations.
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Table 1. Residual error calculated with equation (7)
and corresponding Akaike’s Information Criterion (AIC)
calculated with equation (8) for the source mechanisms
considered in our inversions of seismic data for the
degassing burst on 9 April 2008.
Source Mechanism Error, % AIC
3 forces 51.78 -60760
6 moments 3.93 -334659
6 moments + 3 forces 3.43 -337629
1 crack + 3 forces 13.80 -203485
1 pipe + 3 forces 3.96 -342023
1 pipe + 1 crack + 3 forces 3.45 -353114
2 cracks + 3 forces 4.02 -336332
2 pipes + 3 forces 3.38 -355534
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Table 2. Event occurrence time, network coverage
for each event, and residual error calculated with
equation (7) for a source mechanism including
two cracks and three forces.
Event Time (HST) Channels Error, %
1 2008/03/19 02:56:43 26 3.62
2 2008/04/09 23:05:46 30 4.02
3 2008/04/16 03:55:10 30 4.41
4 2008/07/09 00:31:04 26 3.82
5 2008/08/01 22:43:18 30 4.14
6 2008/08/27 07:35:01 25 2.74
7 2008/09/02 05:21:46 28 2.65
8 2008/09/02 05:33:19 30 3.77
9 2008/09/02 14:44:14 28 3.17
10 2008/09/02 20:11:02 28 3.53
11 2008/09/02 21:57:58 28 3.17
12 2008/10/11 15:52:03 27 3.07
13 2008/10/14 16:05:05 23 2.76
14 2009/01/18 15:24:25 26 2.63
15 2009/02/04 12:57:36 30 2.89
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